Hexachlorophene (HCP) inhibits both endogenous and exogenous respiration (oxygen uptake) and o are present, but not a, the inhibition occurs on the oxygen side of cytochrome b . Exogenous menadione, an analogue of menaquinone, reverses the inhibition in both circumstances. The primary lethal action of HCP thus appears to be respiratory i,nhibition at a site within the membrane-bound part of the electron transport chain.
of isolated B. megaterium membranes and can act on several components of the electron transport chain in the membranes and on soluble enzymes.-Although both forms of nicotinamide adenine dinucleotide, reduced form dehydrogenase and malic dehydrogenase are inhibited by HCP, they are less susceptible than is oxygen uptake. The site of maximal sensitivity is nearer the terminal electron acceptor, but the exact location depends on the cytochrome composition of the membranes. If cytochromes b,, a, and a, are present, but not o, HCP inhibits electron transport on the substrate side of cytochrome b,; if cytochromes bl, a,, and o are present, but not a, the inhibition occurs on the oxygen side of cytochrome b . Exogenous menadione, an analogue of menaquinone, reverses the inhibition in both circumstances. The primary lethal action of HCP thus appears to be respiratory i,nhibition at a site within the membrane-bound part of the electron transport chain.
Hexachlorophene [2,2'-methylenebis (3,4,6-trichlorophenol) ; HCP] has been in use as an antimicrobial agent for about 25 years, yet the primary basis of its lethal action remains uncertain. Four general mechanisms have been suggested: (i) generalized protein denaturation; (ii) membrane disruption; (iii) membrane damage leading to leakage of small cytoplasmic solutes, without membrane disruption; and (iv) respiratory inhibition. The first three of these mechanisms are known consequences of HCP action, but only at doses greater than the minimal amount required to kill cells of a susceptible test bacterium, Bacillus megaterium (8, 16, 21) . Consequently, these mechanisms appear secondary.
The inhibition of respiration as a possible primary action was indicated because much of the HCP taken up by intact cells of B.
megaterium is localized in the protoplast membrane (21) where many respiratory enzymes are located (20) . Furthermore, certain dehydrogenases and cytochromes of B. subtilis, Escherichia coli, and mammalian systems are inhibited by HCP (13, 14) . At high concentrations, HCP is
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Final culture absorbances were 2.60 t 0.20, or about 2.6 mg of cells (dry weight) per ml of culture medium. Absorbance was determined at 700 nm by means of a Spectronic 20 spectrophotometer (Bausch and Lomb) equipped with 1.12-cm lightpath cuvettes with distilled water used as a blank.
Determination of oxygen uptake by intact cells.
Cells were harvested by centrifugation in the cold, and washed by suspension in and sedimentation from a half volume of 0.1 M potassium phosphate buffer (pH 7.0). The sedimented cells were then resuspended in fresh buffer to yield a cell suspension which. contained 27 mg of cells (dry weight) per ml or, in a few experiments, 10 mg/ml. One milliliter of cell suspension was transferred to each main compartment of a requisite number of Warburg flasks. Sidearms contained 0.1 ml of 0.05 M substrate solutions, appropriately concentrated HCP solutions, or buffer.
Center wells contained 0.1 ml of 20% (weight/vol) KOH and fluted filter paper. Buffer was added to the main compartment to bring the total aqueous volume in each flask to 3 ml. The flasks were equilibrated in a Warburg bath at 30 C for 10 min with the manometer stopcocks open and for an additional 20 min with the stopcocks closed. Additions were tipped in from the sidearms, and oxygen uptake was measured at 10-min intervals for a minimum of 60 min. Standard practices and nomenclature were used (24) . Isolation of membranes. Cells were harvested by means of continuous centrifugation (27,000 x g; 4 C) at a flow rate of 150 ml/min in an RC-2B centrifuge equipped with a Szent-Gyorgi and Blum continuous flow system (Ivan Sorvall, Inc.). Membrane fractions were prepared according to a modification of the method of Broberg and Smith (4) . Each gram (wet weight) of washed cells was suspended in 2.5 ml of 0.5 M sucrose solution buffered with 0.01 M sodium potassium phosphate buffer (pH 7.0). Approximately 45 g (wet weight) of cells were used in each isolation. Mucopeptide-N-acetylmuramyl hydrolase (EC 3.2.1.17; lysozyme) dissolved in 15 ml of the bufferedsucrose solution was added to the cell suspension to give a final concentration of 10 mg of lysozyme per g of cells (wet weight). The resultant suspension was incubated at 25 C until conversion to single protoplasts was complete (about 60 min), as judged by microscope examination. The protoplasts were sedimented (25,000 x g; 20 min) at 4 C and then lysed osmotically by suspending the pellet of protoplast residue in 150 ml of 0.01 M phosphate buffer (pH 7.0) containing 0.5 mg of deoxyribonucleate oligonucleotidohydrolase (EC 3.1.4.5). The mixture was shaken at 25 C for 15 min, at which time lysis of the protoplasts was complete. The resulting membranes were centrifuged at 25,000 x g for 30 min. The buff-colored upper part of the pellet containing the membranes was suspended in 0.1 M N-2 hydroxyethyl piperazine-N'-2-ethanesulfonic acid-KOH buffer, pH 7 .60 (HEPES buffer). This procedure was repeated at least three times, and each time the upper part was scraped off the lower part containing poly-,B-hydroxybutyrate granules. The final membrane suspension was stored at -30 C. When needed, an appropriate amount of the frozen membrane preparation was suspended to the desired concentration in HEPES buffer.
Isolation of soluble dehydrogenases. The soluble enzymes were contained in the supernatant solution obtained by direct lysis of protoplasts in hypotonic solution. To 88 g of washed cells twet weight) were added 100 ml of 0.1 M HEPES buffer containing0.25 g of lysozyme and 0.5 mg of deoxyribonucleate oligonucleotidohydrolase. This mixture was shaken at 250 rpm in a gyratory shaker at 30 C for 2 h. The protoplasts were further disrupted by alternately freezing and thawing the preparation. Conversion to protoplast ghosts was at least 95% complete as judged by phase microscopy. The membrane fraction was sedimented (25,000 x g for 30 min) and the yellowish supernatant was decanted and stored at 4 C. The buff-colored upper part of the pellet containing the membranes was removed, resuspended in 50 ml of 0. (Table 1) . Starvation was accomplished by shaking the cells in phosphate buffer for 2 h, after which time the endogenous rate was reduced by 40%. There was no cell death during the starvation period.
Pyruvate was oxidized at a relatively high rate by both unstarved and starved cells and was therefore selected as the primary exogenous substrate. Among other potential substrates, only L-malate and maltose were oxidized more rapidly than pyruvate. Galactose, lactose, and mannose appeared not to be oxidized. These results are in general accord with the organic acid oxidations of B. megaterium (23, 26) and the sugar oxidation pattern of B. cereus (3) .
Inhibition of respiration in intact colls. At the minimal lethal dose of 8 ug per mg of cells (21), HCP inhibited endogenous respiration and exogenous pyruvate oxidation independently of starvation (Table 2) . HCP also inhibited the oxidation of certain other substrates, which were selected because the subcellular distributions of their appropriate dehydrogenase activities in B. megaterium had been reported (23, 26) . None of these substrates had a significant sparing effect on the action of HCP. For example, the oxidations of pyruvate and of lactate were equally susceptible to HCP, but in B. megaterium pyruvic dehydrogenase is a soluble enzyme and lactic dehydrogenase is membrane bound. Thus, the location of the dehydrogenases did not seem to be a factor in the action of HCP.
Concentrations of HCP as low as 2 Mg/mg of cells were measurably inhibitory to endogenous respiration and at 8 ,ug/mg exerted maximal inhibition (Fig. 1) . Doses as high as 12 Mg/mg were administered but the inhibition was not increased above that of 8 Mg/mg.
A dose of 2 Ag of HCP per mg is not lethal, whereas a dose of 8 ug/mg kills a treated population within 2 h after exposure (21) . To resolve the seeming inconsistency between killing and respiratory inhibition at the lower concentration, the course of inhibition and killing was determined on the same sample of cells. Series of four replicate Warburg flasks were set up at each of three HCP levels. Oxygen uptake was followed and, at 30-min intervals after exposure, one flask from each treatment group was removed and its contents were assayed for viable cells.
Levels of 2 Mg of HCP per mg of cells and 8 Mg of HCP per mg both inhibited oxygen uptake, the latter more so than the former (Fig. 2A) . Concomitant with the respiratory inhibition at 8 ,ug/mg, there was extensive killing (Fig. 2B) for the expression of respiratory inhibition was even faster. In fact, in isolated membrane preparations, respiratory inhibition became manifest less than 30 s after exposure to HCP (Fig. 3 ). Action on electron transport in intact cells. Because HCP inhibited both exogenous and endogenous metabolism, a component of the electron transport system, common to both types of respiration, might be the target. Study of cytochrome spectra from treated and untreated cells suggested that cytochrome reduction was indeed altered in treated cells. Because of difficulty in obtaining spectra from intact cells, the action of HCP on respiratory functions in isolated membranes was examined instead.
Oxygen uptake by isolated membranes.
L-malate was oxidized by the membranes with oxygen as the terminal electron acceptor (Fig.  3) , and HCP inhibited the process (curve A).
L-malate was used as the substrate rather than pyruvate because malic dehydrogenase occurs in both membrane-bound and soluble forms in B. megaterium, whereas pyruvic dehydrogenase occurs only in the latter form (23 branes prepared from cells grown in unbuffered peptone. The P/O ratios of all membrane preparations were zero and were unaffected by sonication and heating procedures designed to restore coupling (2) .
Effects on membrane-associated dehydrogenase activities and their soluble counterparts. Membrane-bound L-malate: DCPIP oxidoreductase (malic dehydrogenase) showed inhibition kinetics that were typical of a mixed inhibition (Fig. 4A) as defined by Webb (25) . In such cases, both the maximum velocity of the enzyme-catalyzed reaction (Vmax), and the apparent affinity of the enzyme for its substrate (Kin) are reduced. Preincubation with HCP for up to 3 min did not affect the initial velocity. Moreover, the inhibition was of the completely mixed type (Fig. 4B) (11) and ambient pH or PO48-concentration affects both the composition and the activity of membranous respiratory particles from Mycobacterium phlei (19 buffered peptone, the reduced minus oxidized spectra contained peaks at 557, 527, and 425 nm (Fig. 6, curve B) that are characteristic of cytochrome b1 (4, 18) . When cytochrome b1 peak heights at 557 and 425 nm were observed (Fig. 6, curve C) . The extent of cytochrome b1 reduction by L-malate and HCP was greater than the nonenzymatic reduction produced by dithionite. B. megaterium has a fumarate reductase which allows fumarate to accept electrons from cytochrome b, during anaerobiosis (18) . However, addition of fumarate to HCP-treated membranes did not result in reoxidation of cytochrome b1. Reduced plus CO minus reduced difference spectra of these membranes contained a peak at 425 nm, a shoulder at 419 nm and a trough at 443 to 445 nm (Fig. 7, curve B) . The peak at 425 nm and trough at 443 to 445 nm are characteristic of cytochrome a,, and the shoulder at 419 nm For membranes isolated from cells grown in unbuffered peptone, the reduced minus oxi-0.05 dized difference spectra contained the 557t, 527-, and 425-nm peaks of cytochrome b1, as , well as peaks at 600 nm and at 443 nm (Fig.8, 8 curve B), Addition of HCP to the L-malate a°-ieduced sample caused a decrease in the heights ' / of the cytochrome b, 557-, 535-, and 425-nm : peaks, and ih the cytochrome a 443-nm Soret -0.0 peak (Fig. 8, curve C) . Reduced plus CO minus reduced difference spectra of these membranes contained a small 425-nm peak and a 445-nm trough characteristic of cytochrome a, (Fig. 9 VELENGTH(,w,) megaterium grown in unbuffered peptone. Cyto -FIG. 8 . Effect of HCP on the difference spectra of chrome content was calculated from the difference membranes isolated from cells of B. megaterium spectra using the difference extinction coefficient grown in unbuffered peptone. Both the sample and given by KroSger and Dadzk (18) . The completely reference cuvettes contained 0.040 g of membrane reduced state was produced by adding 25 (unpub- lished data). Thus, the speculation that HCP inhibits respiration and kills cells by binding iron atoms critical to electron transport seems unwarranted. But proteins also bind HCP (13, 15) and these components of the electron transport system seem the more likely sites of interaction with HCP.
We found that the interaction site for HCP depends on the composition of the cytochrome Hence, HCP inhibits electron transport on the oxygen side of the cytochrome rather than on the substrate side, although the exact site of inhibition was not elucidated. However, cytochrome oxidase has previously been implicated as the HCP target in mitochondria (6) and in other bacteria (13, 14) . In their study of B. subtilis, Gould et al. (13) examined HCP inhibition of oxygen uptake induced in whole cells by ascorbate-reduced mammalian cytochrome c. Since Smith (22) cannot explain the observed increase in cytochrome b, reduction. Thus, the cytochrome oxidase system is the probable target in cells grown in buffered peptone. It is difficult to reconcile this interpretation with the finding that menadione also reverses HCP inhibition of these cells. However, many bacterial electron transport chains are branched (27) and, although there is no direct evidence for such branching in B. megaterium, it may be that exogenous menadione can establish a branch ending with an HCP-unsusceptible sequence.
Our findings clearly point to the electron transport system as the general site of HCP action. They also show that the specific target entity depends on the detailed composition of the respiratory chain. Apparently, there is not one particular enzyme in all cells which is most susceptible to HCP, but rather the target molecule in any given cell may be the one with the largest number of potential HCP-binding sites. Since all of the proteins in the electron transport system probably bind a certain amount of HCP, the one with the greatest number of critical binding sites readily available for interaction will be the first to be inactivated by HCP.
